Energy sustainability implies the increase of share of renewable sources, as well as the reduction of inefficiencies during generation and distribution. However, a large use of renewable intermittent energy sources, such as solar and wind, in power plants and in small generators distributed could complicate the electrical grid. An important aspect of the impact of electrical networks operating on the distribution system concerns the regulation of voltage. In the case of surplus of electricity decentralized production, energy storage could be a viable solution. In this scenario the production of hydrogen by electrolysis as energy carrier, with oxygen as a byproduct, can become appealing. Hydrogen in urban areas could easily be used in blends with natural gas in urban vehicle fleets. This solution is flexible regarding the amount of hydrogen available and in any case natural gas is the best choice for the internal combustion engine for urban fleets. The use of natural gas in stoichiometric or lean burn engines guarantees a very low level of toxic emissions and zero particulate matter without the need of a trap, even after the vehicle has accumulated a considerable mileage. In particular, only the NOx emissions are harmful, since the emission of hydrocarbons are mainly composed of methane, which is not toxic to human health. In this paper the effect of the addition of hydrogen to natural gas, in the amount of 15% by volume, on the emission of a stoichiometric and a lean burn heavy duty engine was studied. The tests were carried out on the European transient cycle. The results show that with the stoichiometric engine no special attention must be put in the supply change while with the lean burn engine the problem of poor NOx control suggests adjusting the calibration of ignition; with the aim of not compromising the engine emission.
Introduction
The evolution of the electricity grid is a key challenge in Europe to enable the development of renewables sources. In fact, solar and wind energy are abundant and distributed, but are also intermittent and characterized by a poor ability to control and predict the amount of electricity that can be produced. Distributed generation also implies that the grid should become bidirectional. Therefore, the distribution network will switch from a passive to an active role [1] [2] [3] , changing the way in which electricity is produced, transmitted and consumed. An important aspect of the impact of electrical networks operating on the distribution system concerns the regulation of voltage. The fluctuating nature of renewable energy will require storage systems or demand management while the distribution of generation points will involve node voltage control. In this scenario also a flexible coproduction of hydrogen (H 2 ) as energy carrier could be a viable solution [4] [5] [6] [7] [8] . The electricity network should manage in an intelligent way different energy vectors, distributed power generators and dispersed energy storage devices, instead of the electricity alone [9] .
Hydrogen in urban areas could be easily used in blends with natural gas in an urban bus natural gas fleet. This solution is flexible regarding the amount of hydrogen available. Compressed Natural Gas (CNG) has proved to be a concrete alternative to gasoline and diesel fuels for vehicle propulsion. Natural gas is a clean fuel since toxic compounds like sulphur, or potential toxic, like benzene and higher molecular weight hydrocarbons, or highly reactive such as olefins, are absent. Nowadays, most CNG engines operate in spark ignition (SI) mode, for both light and heavy-duty application. Particularly in this latter case the typical disadvantages of a CNG fuel tank weight and allocation are overcome because of the wide space availability and the small relative increase in weight. Moreover in the case of public transportation in urban areas, the route is scheduled and therefore the NG option can be chosen according to the autonomy range. The utilization of pure hydrogen, in substitution of CNG, in a spark ignition engine, drastically reduces vehicle operating range (by about 70% compared to methane, CH 4 ) due to its lower energy density by volume. Furthermore, H 2 has a low ignition energy in air (0.02 mJ versus 0.29 of CH 4 , at stoichiometric conditions [10] ), which ensures the combustion even with very lean mixtures but makes it subject to pre-ignition phenomena by contact with hot spots or residual gas. The pre-ignition, unlike the knocking, cannot only be controlled with the ignition timing, but requires substantial modifications to the engine. The use of methanehydrogen mixtures containing H 2 between 10 and 30% by volume offers instead the opportunity to exploit the positive aspects related to hydrogen without substantial modification of already existing natural gas engines, avoiding the drawbacks of the use of pure hydrogen.
Bibliographic data highlight a flame front speed propagation increasing when H 2 is added to NG [11, 12] . At the same time, a reduction of carbon monoxide (CO) and unburned hydrocarbons (THC) occurs, with benefits on thermodynamic efficiency. On the contrary, nitrogen oxide (NOx) emissions could be higher for more elevated temperatures at stoichiometric conditions [13] . Hydrogen added to natural gas gives us the possibility to expand the lean burn limit [14] [15] [16] , due to a more stable combustion [17] . A more stable combustion permits us to use higher exhaust gas recirculation to optimize the engine [18] [19] [20] . A review of H 2 use in internal combustion engine is given in [21] . As hydrogen is a carbon-free fuel, the reduction in carbon dioxide (CO 2 ) emissions is a direct function of H 2 content in the blend, at the same engine efficiency. For blends containing a 30% in volume of H 2 , more than 10% CO 2 reduction is expected. In any case the way of hydrogen production represents a crucial aspect.
In this paper two heavy duty engines for urban bus application, a stoichiometric and a lean burn, were tested on the European transient test (ETC) cycle. The engines were fuelled with NG and with a blend of NG and 15% by volume of H 2 . The effect on engine exhaust emission was examined.
Experimental setup
The experimental activity was carried out on two commercial SI heavy duty engines. A 200 kW stoichiometric engine (Table 1 and Figure 1 ) equipped with a three way catalyst (TWC) and an oxygen lambda sensor and a 170 kW lean burn engine (Table 2 and Figure 2 ) equipped with an oxidation catalyst. Figure 2: Lean burn heavy duty NG engine at dynamic test bed.
The engines were fuelled with NG and with a blend of pure methane and 15% of H 2 by volume also named "hydromethane" (HCNG). The characteristics of the fuels used in the tests are reported in Table 3 . The NG used has 85% of methane content while the rest is principally constituted of ethane and inert gases. The HCNG, represents instead an enriched NG in which substances different from methane were replaced by hydrogen. The experimental activity was carried out on an AVL Puma 5 dynamic test bed, integrated with an emission test bank, able to control the engine and carry out continuous measurements during the ETC respecting all the constraints imposed by the legislation. The ETC [22] , which is the test approval for gaseous SI heavy duty engines, is fixed through a table of normalized values of speed and torque. The full torque curve of the engine is used to denormalize that table. The dynamic test has a duration of 1800 s and can be split in three subsets of 600 s: in the first has very sudden changes of speed and load typical of the operation in urban areas, with continuous phases of "stop and go". The second subset is related to rural roads with less intensive variations of speed and load, while the last is representative of motorway running. Figure 3 shows the profiles of normalized torque and speed to run during the ETC. More details about the instrumentation used to run the ETC tests are reported in Table 4 . A graphical display of the ETC dynamometer schedule [22] . The two diagrams of Figure 4 represent two short sections relating to the torque profile of the urban section in the range 220÷260 s of the ETC cycle (a) and of the motorway in the range of 1300÷1450 s (b). The figure highlights the fact that the engine must operate with considerable variations in performance, which require very fast and accurate control for a correct execution of the cycle. 
Results
For the stoichiometric engine the comparison between the two test fuels has been carried out without changing the electronic control unit (ECU) calibration. Therefore the same spark advance (SA) map was used for both CNG and HCNG fuelling. For the lean burn engine, instead, the SA map was adjusted. The experimental activity has resulted in establishing a SA reduction of 2.5 crank angle degrees on the whole engine map. In Table 5 the comparison between the results obtained on the ETC test with the two engines and the two tested fuels is reported. Apart from the CH 4 emissions, CO, NMHC, and NOx emissions were within the enhanced environmentally friendly vehicle (EEV) limits in all the cases. The control of CH 4 emission is critical and strongly dependent on the exhaust temperature. Particulate matter (PT) emissions were considerably under the limits, especially for the lean burn engine. Slightly lower energy consumption was obtained with the lean burn engine. Using HCNG a reduction of CO 2 emission due to a higher H/C was obtained.
For the stoichiometric engine the CO emissions are the most critical and this is due to the fact that the ECU sets a slightly rich mixture to permit a high efficiency of NOx reducing to the catalyst. Therefore, changing from CNG to HCNG gives some benefits; in fact the reduction of H/C of the fuel also results in a reduction of CO emissions. Instead, although the NOx emissions increase upstream the catalyst, the high NOx conversion efficiency does not increase NOx emission downstream the catalyst when HCNG is used ( Figure 5 ). NOx emission increasing upstream the catalyst with HCNG is due to a faster combustion at parity of SA. In particular the burning gravity centre (BGC), the crank angle at which 50% of the fuel mass is burned is advanced in the case of HCNG, Figure 6 (b). The pressure cycles, Figure 6 (a), have been measured in the combustion chamber of the stoichiometric engine with KISTLER piezoelectric pressure transducers (sensitivity 26 pC/bar). Pressure cycles were measured as mean values of 128 consecutive cycles. CNG and HCNG cylinder pressure cycles (a) and heat release rate curves (b) at 1500 rpm and 720 Nm with the same SA calibration.
For the lean burn engine NOx control is possible only in the combustion chamber; a post-reduction system not being present. In addition for this engine the lowest exhaust temperature makes the conversion efficiency of the oxidation catalyst respect to the stoichiometric engine more variable. In Table 6 it is possible to analyze both the two mentioned problems for the lean burn engine. Looking at the first and the second lines, CO and NMHC conversion is almost complete while CH 4 is reduced by about 50%. Considering the standard deviation of results, there is a low variation of engine CH 4 exhaust emission upstream of the catalyst and a high variation downstream of the catalyst. This is due to the efficiency of the conversion system, in particular in the first phase of the ETC cycle. In fact, for this kind of engine also the presence of insulation on the exhaust could influence the CH 4 conversion efficiency of the catalyst. Thus the results on CH 4 obtained could be reduced with a different exhaust system. About NOx emission, from the second and third lines, an increase of more than 80% with HCNG is obtained when the ECU SA calibration is not adjusted. Therefore, in the fourth line, an optimization of the SA calibration was performed to retain the same level of NOx emission of the CNG case.
Conclusion
The use of natural gas in stoichiometric or lean burn engine guarantees very low level of toxic emission and zero particulate matter. Hydrocarbon emissions are mainly constituted by methane that is not toxic for human health therefore only NOx emissions are harmful. In this paper the effect of hydrogen addition to 
